Major trauma patients who are intubated and ventilated are exposed to the potential risk of iatrogenic hypercapnic and hypocapnic physiological stress. In the pre-hospital setting, end-tidal capnography is used as a practical means of estimating arterial carbon dioxide concentrations and to guide the adequacy of ventilation. In our study, potentially deleterious hypercapnia (mean 47 mmHg, range 26 to 83 mmHg) due to hypoventilation was demonstrated in 49% of 100 intubated major trauma patients arriving at a major Australian trauma centre. A mean gradient of 15 mmHg arterial to end-tidal carbon dioxide concentration difference was found, highlighting the limitations of capnography in this setting. Moreover, 80% of the patients in the study had a head injury. Physiological deadspace due to hypovolaemia in these patients is commonly thought to contribute to the increased arterial to end-tidal carbon dioxide gradient in trauma patients. However in this study, scene and arrival patient hypoxia was more predictive of hypoventilation and an increased arterial to end-tidal carbon dioxide gradient than physiological markers of shock. Greater vigilance for hypercapnia in intubated trauma patients is required. Additionally, a larger study may confirm that lower end-tidal carbon dioxide levels could be safely targeted in the pre-hospital and emergency department ventilation strategies of the subgroup of major trauma patients with scene hypoxia.
Airway and ventilatory support are cornerstones of trauma management and are commonly instituted in the field by ambulance personnel. Indications for intubation include cardiac and respiratory arrest, and a Glasgow Coma Score (GCS) of less than 10 associated with absent airway reflexes, traumatic and non-traumatic brain injury, hypoxic brain injury and status epilepticus 1 . Both hyperventilation and hypoventilation may worsen clinical outcomes and early control of arterial carbon dioxide partial pressure (PaCO 2 ) is desirable [2] [3] [4] [5] . While blood gas analysis remains the gold standard of gauging optimal ventilation, sampling and assessment of this variable is only practical in a hospital setting 6 . Conversely, non-invasive end-tidal carbon dioxide measurement (PetCO 2 ) may be used in almost all environments to provide an estimate of PaCO 2 via its approximation of alveolar carbon dioxide tension [7] [8] [9] . Multiple factors may impact on the relationship between PaCO 2 and PetCO 2 . We sought to describe the pattern of PaCO 2 and PetCO 2 as well as the frequency of hypoventilation in head-injured patients in the intubated major trauma population arriving at our institution.
MATERIALS AND METHODS
The study was approved by the Human Research Ethics Committee at the Alfred Hospital. The Alfred Hospital in Victoria is a state service hospital for trauma patients, receiving 45,000 emergency patients per year 10 . One hundred consecutive major trauma patients who were intubated and admitted to the Alfred Hospital Trauma Centre were identified from the Alfred Trauma Registry. Major trauma was defined as death after injury, injury severity score (ISS) greater than 15 or need for admission to the intensive care unit for ventilation, or major intracranial, intra-abdominal, pelvic or spinal surgery 11 . Patients were excluded if admission blood gas was not obtained within 60 minutes of arrival, PetCO 2 was not recorded on arrival (edPetCO 2 ), patients were transferred from another hospital, patients suffered a cardiac arrest in transfer or if the time of the accident occurred more than eight hours prior to presentation.
Confidential, de-identified data were collated from the registry and medical records that included patient demographics, accident profile, ISS, emergency department blood gas (partial pressures of arterial oxygen [edPaO 2 ] and carbon dioxide [edPaCO 2 ], arterial pH [edpH] and arterial bicarbonate concentration [edHCO 3 -]), and biochemistry profile, as well as retrieval parameters and emergency department vital signs. The edPetCO 2 was measured using calibrated inline infrared capnography.
Descriptive statistics of the data are presented as a mean and standard deviation. We introduced arbitrary definitions for extrapolation to clinical scenarios. Severe traumatic brain injury was defined as a patient's scene GCS of less than nine. Hypotension was defined as a systolic blood pressure less than 90 mmHg. Hypoxia was defined as a pulse oximeter recording less than 90%. Hyperventilation and hypoventilation were defined as an edPaCO 2 <35 mmHg and an edPaCO 2 >45 mmHg respectively. using univariate and multivariate analysis we determined factors significantly associated with an increased gradient between edPaCO 2 and edPetCO 2 (the edPa-etCO 2 gradient).
RESuLTS
Seventy-five male and 25 female patients were included with a mean (standard deviation) age of 37 (18). The scene time was 36 minutes (21) and transit time 67 minutes (32). The mean scene GCS (ambGCS) was 6 (3.2) and ISS was 32 (13.2) . Baseline statistics of the study population are shown in Table 1 .
The mean edPaCO 2 was 47 mmHg (11), the mean edPetCO 2 was 31 mmHg (6) and the mean edPa-etCO 2 gradient was 15 mmHg (10). Nearly half (49%) of the patients had an edPaCO 2 >45 mmHg. Frequency tabulation of edPaCO 2 by severity of head injury ( Table 2 ) demonstrated that in patients with a scene GCS <9 (80% of the study group), 42 out of the 80 (52.5%) had an edPaCO 2 >45 mmHg. This was no less frequent (P=0.55) than in the group with a GCS >9.
A comparison between the baseline characteristics of the hypoventilated and combined hyperventilated/ normoventilated (edPaCO 2 45 mmHg) groups is shown in Table 3 . In the hypoventilated group there was a statistically significant decrease in the ambSpO 2 and edPaO 2 . Although highly statistically significant, there was only a 5 mmHg difference between the two groups' edPetCO 2 . This suggests that the large 11 mmHg difference between the groups' edPa-etCO 2 gradients is due mainly to the 16 mmHg edPaCO 2 difference. A significant decrease in edpH and increase in edPaCO 2 in the absence of a Total 80 20 100
GCS=Glasgow Coma Score significant difference in edHCO 3 -suggests a largely respiratory-based acidosis. There was no difference in ISS scores between the groups.
Univariate regression modelling patient factors that might predict a larger edPa-etCO 2 gradient showed significance in ambulance hypoxia (P <0.0001), arrival hypotension (P <0.012) and ISS (P <0.004). There was no evidence that ambGCS as a continuous or as a dichotomous variable was a significant predictor of either a larger edPa-etCO 2 gradient or edPetCO 2 .
Under multivariate analysis, adjusting for confounding factors, only ambSpO 2 (r=-0.56, CI -0.81 to -0.31, P <0.001) and edP a O 2 (r=-0.02, CI -0.03 to -0.01, P <0.002) maintained statistical significance as predictors of an increased edPa-etCO 2 gradient. As continuous variables however, these measurements are not clinically useful in the early prediction of an increased edPa-etCO 2 gradient. Hence when repeating the analysis using dichotomised data, only scene hypoxia, scene non-hypotension (SBP >90 mmHg) and arrival hypotension were predictors of an increased edPa-etCO 2 gradient. These three dichotomised parameters had an adjusted r2 of 0.44 indicating their ability to explain 44% of the observed variability in the edPa-etCO 2 gradient. Overall, 14 patients had scene hypoxia (mean edPa-etCO 2 gradient of 28 mmHg), and this was associated with an edPa-etCO 2 gradient of almost 15 mmHg higher than those with an ambSpO 2 greater than 90% (mean edPa-etCO 2 of 13 mmHg).
DISCUSSION
Early blood gas analysis (within one hour of arrival) of the study population showed that half of the intubated major trauma patients arriving at the hospital's trauma centre had a PaCO 2 >45 mmHg. This is of concern, as over 80% of these patients had a scene GCS <9: a potentially head-injured population in which PaCO 2 control is a key management principle 12 . Overall, the mean Pa-etCO 2 gradient was 15 mmHg, and up to 55 mmHg in one case.
Physiological deadspace limits the approximation of PaCO 2 by PetCO 2 manifesting as the Pa-etCO 2 gradient. Physiological deadspace is the sum of all parts of the tidal volume that do not participate in gas exchange (anatomical deadspace and alveolar dead space) 9 . While a negligible gradient exists in health, it is an increase in alveolar deadspace in the hypovolaemic trauma patient that contributes to regional ventilation-perfusion mismatch and the observed Pa-etCO 2 gradient. The data from our study confirm earlier comments on the potential for PetCO 2 to be a misleading guide for adequacy of ventilation 6, 13, 14 . This is relevant as ventilation (via a self-inflating Laerdel TM or Ambu TM bag) in the prehospital setting is typically titrated to PetCO 2 and not with a ventilator with spirometry analysis. It is difficult to interpret the cardiovascular parameters that predicted an increased Pa-etCO 2 gradient. Arrival hypotension contributing to physiological deadspace would understandably predict the increased gradient, however no metabolic marker of hypoperfusion showed a similar correlation. Furthermore, scene hypertension actually predicted the increased gradient. As only 14 patients had scene hypotension, this statistic may represent a Type I error or may be the influence of hypercapnic mediated sympathetic stimulation. A greater sample size would have better delineated these variables. The most clinically useful predictor of an increased Pa-etCO 2 gradient (and tendency for hypoventilation) was scene hypoxia which predicted a Pa-etCO 2 gradient 16 mmHg greater than those patients with a scene oxygen saturation greater than 90%.
Variable guidelines for target PaCO 2 exist for the ventilatory management of patients with traumatic brain injury. The Association for Anaesthetists of Great Britain and Ireland's guidelines state that the target PaCO 2 should be 33 to 37 mmHg 15 . In the absence of evidence, The Brain Trauma Foundation's Guidelines for Prehospital Management of Traumatic Brain Injury suggest aiming for normal ventilation defined as 10 breaths per minute in adults 12 . The Brain Trauma Foundation, The American Heart Association's Advanced Cardiac Life Support Guidelines and the Australian College of Surgeons all caution hyperventilation (PaCO 2 <30 mmHg) in the absence of signs of cerebral herniation, emphasising the importance of avoidance of hypoxia and hypoventilation 12, 16, 17 . We have dichotomised data on the basis of hypoventilation defined as a PaCO 2 >45 mmHg, but as the above guidelines suggest a lower target range is not unreasonable in this population. Had we used 40 mmHg as a cut-off, 75% of all patients and 74% of patients with a GCS <9 would have been 'hypoventilated'.
Our study's results have shown that an alarming number of intubated trauma patients may be underventilated during the acute care phase as evident by the key end-point of ventilation: the PaCO 2 . We can speculate upon the reasons for the hypoventilation. Neither the ventilatory modes nor respiratory parameters are of great concern because inherent across the acute care phase would have been the intent to provide adequate ventilation. The early management of severe trauma is a dynamic and changing environment. The patients would have had a sequence of (scene) manual ventilation possibly followed by a period of mechanical ventilation, then again a period of manual ventilation during the transport phase of care. Further, again in the emergency department, they would have had another period of mechanical ventilation. The ventilatory parameters during these phases are not easily measurable or retrievable and in the end, the key point remains. That is, in the early management of severely injured patients ventilation as measured by arterial carbon dioxide was inadequate in a significant percentage of patients. This is a significant learning point.
Given the challenge of interpreting PetCO 2 in the face of physiological deadspace, targeting a lower PetCO 2 is potentially deleterious to the patient as our study has shown such wide-ranging Pa-etCO 2 gradients. For example, targeting a PetCO 2 of 30 mmHg may lead to iatrogenic hyperventilation, hypocapnia and associated cerebral hypoperfusion in a potentially head-injured population where brain perfusion is critical. However, the subgroup of patients who are found by ambulance paramedics to be hypoxic have a predictably larger Pa-etCO 2 gradient, and a lower PetCO 2 could be targeted in this group for optimal ventilation.
The retrospective nature of this study is a limitation on the application of its results. Furthermore, contrary to expectation, patients with more severe injuries and indicators of shock (increased heart rate, hypotension and low pH) did not consistently show evidence of greater physiological deadspace manifesting as a larger Pa-etCO 2 gradient. This may be due to confounding errors, documentation and data collection errors, the study population size not capturing a representative subgroup, or because we required higher fidelity markers of shock. A prospective study addressing these issues and one that focuses on the subgroup of hypoxic trauma patients might lead to targeted, pre-hospital and emergency department ventilatory management in these patients.
